ABSTRACT Vaccine-elicited humoral immune responses comprise an array of antibody forms and specificities, with only a fraction contributing to protective host immunity. Elucidation of antibody effector functions responsible for protective immunity against human immunodeficiency virus type 1 (HIV-1) acquisition is a major goal for the HIV-1 vaccine field. Immunoglobulin A (IgA) is an important part of the host defense against pathogens; however, little is known about the role of vaccineelicited IgA and its capacity to mediate antiviral functions. To identify the antiviral functions of HIV-1-specific IgA elicited by vaccination, we cloned HIV-1 envelopespecific IgA monoclonal antibodies (MAbs) by memory B cell cultures from peripheral blood mononuclear cells from an RV144 vaccinee and produced two IgA clonal cell lines (HG129 and HG130) producing native, nonrecombinant IgA MAbs. The HG129 and HG130 MAbs mediated phagocytosis by monocytes, and HG129 blocked HIV-1 Env glycoprotein binding to galactosylceramide, an alternative HIV-1 receptor. These findings elucidate potential antiviral functions of vaccine-elicited HIV-1 envelope-specific IgA that may act to block HIV-1 acquisition at the portal of entry by preventing HIV-1 binding to galactosylceramide and mediating antibody Fc receptor-mediated virion phagocytosis. Furthermore, these findings highlight the complex and diverse interactions of vaccine-elicited IgA with pathogens that depend on IgA fine specificity and form (e.g., multimeric or monomeric) in the systemic circulation and mucosal compartments.
IMPORTANCE Host-pathogen interactions in vivo involve numerous immune mechanisms that can lead to pathogen clearance. Understanding the nature of antiviral immune mechanisms can inform the design of efficacious HIV-1 vaccine strategies. Evidence suggests that both neutralizing and nonneutralizing antibodies can mediate some protection against HIV in animal models. Although numerous studies have characterized the functional properties of HIV-1-specific IgG, more studies are needed on the functional attributes of HIV-1-specific IgA, specifically for vaccineelicited IgA. Characterization of the functional properties of HIV-1 Env-specific IgA monoclonal antibodies from human vaccine clinical trials are critical toward understanding the capacity of the host immune response to block HIV-1 acquisition.
KEYWORDS HIV-1, B cell, IgA, nonneutralizing antibodies, vaccine, monoclonal antibodies, vaccines T he RV144 ALVAC/AIDSVAX human immunodeficiency virus type 1 (HIV-1) vaccine trial demonstrated approximately 31% vaccine efficacy (60.5% vaccine efficacy through the first 12 months after vaccination) (1, 2) . An immune-correlate analysis demonstrated that IgG antibodies recognizing the first and second variable loops (V1/V2) of the HIV-1 envelope (Env) glycoprotein correlated with decreased risk of HIV-1 infection, whereas high levels of Env-specific IgA antibodies correlated with increased risk of infection (3) (4) (5) (6) (7) . From RV144 vaccine recipients, Bonsignori and coworkers have previously isolated antibody-dependent cellular cytotoxicity (ADCC)-mediating IgG monoclonal antibodies (MAbs) directed to conformational epitopes in the first constant (C1) region, the V1/V2 loops and the third variable (V3) loop of HIV-1 Env and demonstrated a synergistic effect of C1 and V1/V2 Env-specific MAbs (8) (9) (10) . We have also demonstrated that vaccine-induced C1 Env-specific IgA competed IgG-mediated ADCC activity and that the plasma HIV-1 IgA/IgG ratio in vaccine recipients correlated with HIV-1 risk, suggesting that vaccine-induced IgA antibodies could have attenuated the protective effect of ADCC-mediating IgG responses through competition for the same Env binding sites (3) . Similarly, interference of HIV-1 Env-specific IgA with IgGmediated ADCC has also been suggested in the setting of HIV-1 infection (11) .
However, several lines of evidence also support the notion of a potentially protective effect of IgA. In a nonhuman primate challenge study, human dimeric IgA1 protected from acquisition better than the paratope-matched dimeric IgA2 or IgG upon intrarectal simian immunodeficiency virus (SHIV) challenge (12) . Several animal model (12, 13) and human (14, 15) studies also suggested that mucosal IgA could block transcytosis in mucosal tissues. HIV-1 Env-specific IgA responses have also been shown to mediate antiviral functions such as virion capture (12, 16) , phagocytosis (17) , and blocking of binding to the glycosphingolipid galacotsylceramide (Galcer), an alternative HIV-1 receptor (18) . Further understanding of the potential antiviral functions of HIV-1 envelope-specific IgA, specifically for different isotypes and forms (monomeric, dimeric, and higher-molecular-weight forms), is needed. The isolation and characterization of the functional properties of HIV-1 Env-specific IgA monoclonal antibodies from human clinical trials will be critical to address these points.
Mucosal antibodies may impede viral transfer across mucosal surfaces by inducing viral aggregation, hindering viral movement in mucus, preventing transcytosis, engaging effector cells, or reducing intercellular penetration through the epithelia, thereby limiting access to susceptible mucosal CD4 T cells and dendritic cells (19, 20) . IgA MAbs can engage effector cells through interaction of the antibody Fc with FcR␣ on the surfaces of effector cells. In fact, dimeric and monomeric IgA can mediate ADCC or phagocytosis by engaging FcR␣ on the surfaces of monocytes and polymorphonuclear leukocytes or neutrophils. In contrast, IgA cannot mediate ADCC by natural killer (NK) cells due to lack of FcR␣ expression on this cell type. Previous studies have reported on the potential for the duality of function for pathogen-specific IgA that is dependent on available Fc receptors; for example, Streptococcus mutans-specific IgA antibodies have been shown to promote phagocytic activities of activated human neutrophils, in which the FcR␣ level was upregulated, but in the absence of FcR␣ expression, these antibodies could mediate blocking of complement-dependent IgG-mediated phagocytosis by neutrophils (21) . These data suggest that the antiviral functions of antibodies can depend on the types of effector cells present at the portal of entry for HIV and their respective FcR expression.
One strategy by which antibodies could hinder mucosal entry of HIV-1 is disruption of viral adhesion to epithelial cells. Antibodies against Galcer inhibit epithelial cell-HIV-1 virion binding (22) (23) (24) , and we have demonstrated that antibodies isolated from RV144 vaccinees, both IgG and IgA, with specificities to the C1 conformational region of the HIV-1 gp120 glycoprotein could alter the Env conformation and disrupt EnvGalcer interactions (18) .
In this study, we characterized two native HIV-1 Env-specific IgA MAbs, HG129 and HG130, obtained from peripheral blood memory B cells of an RV144 vaccine recipient and examined their ability to mediate antiviral activity in vitro. These IgA antibodies mediated monocyte phagocytosis and blocked HIV-1 Env glycoprotein to Galcer, which may be effective host defense mechanisms at the mucosal portals of entry.
RESULTS
Native HIV-1 IgA MAbs isolated from an HIV-1 vaccinee. To measure vaccineinduced IgA antiviral functions, we isolated native IgA monoclonal antibodies (MAbs) from peripheral blood cultured memory B cells from an HIV-uninfected vaccinee from the RV144 clinical trial (1, 2) who had circulating IgG and IgA responses to the vaccine immunogens (i.e., 92Th023 gp120, A244 gp120, and MN gp120) ( Table 1 ). This vaccinee did not have the HLA class II alleles, HLA-DQB1*06 and DPB1*13, reported to modulate vaccine-induced antibody responses to affect HIV-1 acquisition in RV144 (25) . IgA memory B cells from peripheral blood mononuclear cells (PBMCs) were enriched by negative selection and then cultured by limiting dilution to generate monoclonal antibody cell lines. We tested the capacity of the cytokines interleukin-15 (IL-15) and B cell-activating factor (BAFF) to stimulate IgA memory B cells (26 (Fig. 1B) . Due to the multiple forms of native IgA present, the preparations were also characterized by fast protein liquid chromatography (FPLC) with isolation of fractions for analysis in functional assays ( Fig. 1C and D) . HG129 IgA MAb binding to HIV-1 envelope glycoprotein and V3 peptide. To determine the HIV-1 binding specificity for HG129, epitope mapping was performed using three independent and complementary methods: biolayer interferometry (BLI), linear peptide microarray analysis, and binding antibody multiplex assay (BAMA). In BLI analysis, the unfractionated preparation of HG129 IgA (i.e., containing a mixture of monomeric, dimeric, and polymeric antibodies) bound avidly to the HIV-1 1086 gp140 envelope glycoprotein (apparent K D [dissociation constant] ϭ 0.23 nM) ( Fig. 2A) . Next, the epitope specificity and breadth of HG129 IgA were evaluated by peptide microarray analysis to determine linear binding specificities across full HIV-1 envelope sequences representing multiple subtypes (i.e., A, B, C, D, AE, and AG). Of the linear HIV specificities tested, HG129 IgA consistently bound to a subtype C V3 15-mer peptide (sequence, IRQAHCNISKEKWNK) (Fig. 2B to D) in the peptide microarray analysis and in the BLI assay with an apparent K D of 3.4 ϫ 10 Ϫ9 M (Fig. 2E ). HG129 IgA did not bind or bound weakly to the vaccine strain antigens A244 gp120 (subtype A), 92Th023 gp120 (subtype AE), and MN gp120 (subtype B) and other HIV-1 envelope proteins (ConS gp140 [consensus group M] and 1086C envelope gp140 [subtype C]) by the fluorescent bead-based binding antibody multiplex assay. In addition to binding by peptide microarray analysis and BLI, HG129 IgA bound to a subtype C V3 peptide by the binding antibody multiplex assay (area under the curve [AUC] ϭ 1,839) and to C1 peptide sequences (AUC ϭ 2,098 and 558), with weaker binding to other V3 sequences (AUC ϭ Ͻ300) (Fig. 2F ). The combined data from BLI and peptide microarray analysis indicate that HG129 IgA has a strong binding avidity for the clade C V3 sequence. Notably, HG129 also bound other sequences more variably or weakly (i.e., C1 by the binding antibody multiplex assay), suggesting that HG129 also has some cross-reactive binding properties that are observed depending on the binding assay format. This suggests that conformational determinants are exposed differently among the assay formats (i.e., peptide array, protein-coupled microspheres, and in-solution binding by BLI). Another possibility is that HG129 IgA was an HIV Env cross-reactive clone existing prevaccination or otherwise not directly elicited by the vaccine. The fact that the circulating antibody responses were similar pre-and postvaccination for the V3 peptide ( Table 1) provides support that MAb HG129 may be derived from a preexisting pool of B cells. However, there is also precedence for a discordance of the circulating and memory B cell responses, such that the circulating antibodies may not fully represent the memory B cell response to an antigen (31) . HG130 IgA is a conformational gp120 antibody that interacts with the CD4 binding site. HG130 bound with high titers to the vaccine strain antigens (i.e., MN gp120, A244 gp120, and 92TH023 gp120), providing evidence that HG130 was a vaccine-induced antibody (Fig. 3A) . In comparison, the circulating plasma IgA response primarily targeted only one of the protein boost antigens, MN gp120 (AUC ϭ 1,635), with no substantial reactivity to the vaccine immunogen representing the vector prime, 92TH023 gp120 (AUC ϭ 106) and to the second protein boost antigen, A244 gp120 (AUC Ͻ 100) ( Table 1 ). Similar to the case for HG129, these data for HG130 indicate a potential discordance in circulating versus memory B cell responses (31) . To examine (Fig. 3A) . We next examined whether HG130 had properties of CD4bs antibodies. HG130 IgA bound well to the resurfaced stabilized core 3 (RSC3) protein that exposed the CD4bs epitope (AUC ϭ 39,686), and the binding was decreased with the mutation at position 371 (RSC d371I) (AUC ϭ 4,877) ( Fig. 3B and C) , indicating binding to the CD4 binding site or its vicinity. HG130 IgA also bound the YU2 gp120 wild-type protein (AUC ϭ 6,147), and binding was reduced with the CD4 binding site-defective protein YU2 gp120 D368R (AUC ϭ 3,441) (Fig. 3B to D) . These data suggest that HG130 IgA binding involves conformational epitopes near the region on the HIV-1 Env that interacts with the host cell CD4 Immune-correlate analysis of the RV144 vaccine trial revealed that vaccinees with plasma IgA specific to the C1 region of HIV-1 Env gp120 had a higher risk of infection (i.e., decreased vaccine efficacy) than vaccinees without C1-specific IgA antibodies (3). We determined whether the V3-specific cross-reactive HG129 IgA and the HIV-1 Env gp120-specific HG130 bound the surfaces of infected cells as a first step to evaluate the potential for blocking ADCC. We tested both HIV-1 CM235 and HIV-1 1086C to evaluate both a vaccine-related strain and an HIV-1 strain (i.e., 1086C) that HG129 bound to by BLI (Fig. 2) . In contrast to the positive-control MAbs 7B2 IgA and CH38 IgA, the HG129 and HG130 IgA MAbs did not bind the surfaces of HIV-1 CM235-and HIV-1 1086C-infected cells (Fig. 4A) , indicating that these antibodies do not recognize epitopes on the surfaces of infected cells and are unlikely to be capable of blocking IgG-mediated ADCC. Next, the HG129 and HG130 IgA MAbs were examined for neutralization of tier 1 and select tier 2 viruses in a TZM-bl neutralization assay (32) . As a positive control, we tested the broadly neutralizing CH31 IgA MAb and two strain-specific neutralizing antibodies as IgA MAbs, CH27 and CH28 (33) . There was no neutralizing activity for several HIV-1 strains tested in a TZM-bl neutralization assay (Fig. 4B) .
IgA blocking of HIV-1 1086.C gp140 Env glycoprotein binding to Galcer. Since RV144 vaccinee-derived MAbs were reported to block Galcer binding of HIV-1 Env gp140 glycoproteins (18), we tested both the V3 cross-reactive HG129 IgA MAb and HIV-1 envelope gp120 HG130 MAb for their ability to block the Galcer liposome binding of HIV-1 transmitted/founder Env 1086.C gp140. Figure 5A shows the BLI sensogram of Galcer liposome binding of 1086.C gp140 alone and in the presence of CH38 IgA (positive control), CH65 IgA (negative control), and HG129 IgA antibodies. There was reduced binding of Galcer by 1086.C gp140 envelope glycoprotein in the presence of HG129 IgA compared to in the presence of negative-control IgA antibody, CH65 IgA (Fig. 5A) . Figure 5B compares the percent Galcer binding of 1086.C gp140 in the presence of the IgA antibodies tested. The HG130 IgA MAb did not block Galcer binding. As noted above, Galcer binding of 1086.C gp140 was decreased by HG129 IgA (61% binding), which was almost as potent as that of the positive-control MAb CH38 IgA (48% binding) (18) (Fig. 5B) .
HG129 and HG130 IgA antibodies induce monocyte-mediated phagocytosis. IgA engages in Fc␣RI receptor (CD89)-mediated phagocytosis of pathogens by human primary monocytes and neutrophils, especially in mucosal sites where IgA is the primary antibody isotype (34, 35) . We hypothesized that HIV-1 Env-specific IgA antibodies may exert an antiviral function by engaging Fc receptor-mediated phagocytosis by monocytes. We examined antibody-mediated phagocytosis of dimeric and polymeric V3-specific cross-reactive HG129 MAb and HIV-1 envelope gp120 HG130 MAb that were purified from the unfractionated IgA by fast protein liquid chromatography. Immune complexes comprising antibodies and either fluorescent virion (HIV-1 CM235 ) or bead (ConS gp140 Env-conjugated) targets were incubated with human primary monocytes to allow phagocytosis to occur. We observed that dimeric and polymeric HG129 IgA could mediate phagocytosis of HIV-1 CM235 virions (median phagocytosis score ϭ 2.5), while dimeric and polymeric HG130 IgA did not mediate phagocytosis of HIV-1 CM235 virions (median phagocytosis score ϭ 1.65) (Fig. 6A) . In contrast, dimeric and polymeric HG130 IgA could mediate phagocytosis of ConS gp140 Env-coated beads (median phagocytosis score ϭ 2.1), while dimeric and polymeric HG129 IgA did not mediate phagocytosis of ConS gp140 Env-coated beads (median phagocytosis score ϭ 1.0) (Fig. 6B ). There were no significant differences in the median phagocytosis score between the dimeric and polymeric IgAs. These results indicate that both HG129 and HG130 IgA antibodies are capable of inducing antibody-mediated phagocytosis, albeit with differences in recognition of antigen-coated beads and virus particles.
DISCUSSION
We have identified HIV-1-specific IgA MAbs from cultured memory B cells of an RV144 vaccine recipient and demonstrated in vitro antiviral activity of antibodies that are of the IgA isotype and are nonneutralizing. Unlike previously identified MAbs from vaccinees, these antibodies recapitulate natural IgA forms in that they exist in polymeric, dimeric, and/or monomeric forms (reviewed in reference 36) with differences in binding avidity. Consistent with IgA forms having different avidities to antigens due to the number of antigen binding sites, we also found that dimeric IgA had greater antigen binding avidity than monomeric IgA. One IgA MAb (HG129 IgA) mediated blocking of a transmitted/founder HIV-1 Env glycoprotein binding to Galcer, an alternative HIV receptor on epithelial cells, and both IgA MAbs (HG129 and HG130 IgA) mediated phagocytosis of HIV-1 targets through engagement of human monocytes.
The immune-correlate analysis of the RV144 vaccine trial showed that certain specificities of anti-HIV-1 Env plasma (monomeric) IgA correlated with increased HIV-1 risk (i.e., decreased vaccine efficacy) by interfering with ADCC mediated by C1 regionspecific IgG (3). In contrast, IgG and IgG3 responses to the V2 region of the HIV-1 Env glycoprotein correlated with decreased risk of infection (6, 7) . A host genetic analysis of the RV144 case-control study revealed that the HLA class II alleles DQB1*06 and DPB1*13 modulated the impact of vaccine-induced antibody responses on HIV-1 acquisition (25) . HLA class II molecules are involved in antigen presentation to CD4 ϩ T cells responsible for orchestrating antipathogen immunity. The vaccinee studied here, from whom memory B cell-derived antiviral IgA antibodies were isolated, did not have the HLA-DQB1*06 allele associated with increased HIV-1 acquisition in the presence of higher levels of Env-specific IgA. Consistent with the heterogeneity observed among individuals in the specificities and magnitude of vaccine-elicited IgA and the modification of certain specificities of the HIV-1 IgA immune correlate with HIV-1 risk by certain class II alleles, it is plausible that RV144 elicited protective IgA responses in some vaccinees. We hypothesized that other vaccine-induced HIV-1 IgA antibody specificities that either were not specifically studied in the immune-correlate analysis or were present at subdominant levels may have antiviral properties. Due to limiting concentrations of circulating HIV-1 Env IgA for detailed functional studies, isolation and characterization of HIV-1 Env-specific MAbs is critical for determining potential IgA antiviral functions. HG129 and HG130 were derived from blood B cells yet mediate potentially anti-HIV responses, suggesting dual roles for Env IgA-reactive antibodies in the host response to HIV-1 that are dependent on the location of the antibodysecreting B cells.
An understudied antiviral mechanism is the role of the HIV-1 Env-Galcer interaction in establishing initial adhesion of HIV-1 virions or HIV-1-infected cells to epithelial cells (24, (37) (38) (39) (40) (41) (42) (43) . Antibodies that block Galcer-Env interactions could be potentially protective at the mucosal site of HIV-1 entry. Notably, C1 conformational region-specific vaccine-induced IgG and IgA2 antibodies were shown to block the HIV-1 Env-Galcer interaction (18) . We confirmed this finding and further identified and characterized HIV-1-specific IgA1 from a vaccinee that could block HIV-1 Env binding to Galcer. Therefore, the multimeric HG129 IgA could be a potential candidate for blocking the binding of virions or virus-infected cells to epithelial cells in vivo.
Although HG129 and HG130 were isolated from an RV144 vaccine recipient, we cannot definitively conclude that these antibodies were induced by vaccination. Circulating plasma from the RV144 recipient from whom these MAbs were derived contained V3 and C1 peptide IgG and V3 IgA binding that did not substantially differ between prevaccination and postvaccination. While HG130 bound to RV144 vaccine strain antigens and therefore was likely induced by vaccination, HG129 did not strongly bind to the vaccine strain immunogens, although it did bind to linear Env peptides and an HIV-1 envelope (not matched to the immunogen strains). These findings suggest that HG129 IgA could be derived from a preexisting pool of memory B cells that are reactive to HIV-1 antigens. Preexisting clones reactive with intestinal microbiota can cross-react with HIV Env and be expanded upon vaccination (44) . We cannot exclude that some denatured or otherwise modified forms of the immunogens not represented in our in vitro assays engaged and expanded the HG129 clone in vivo. Either way, we demonstrated that HG129 IgA exerted measurable anti-HIV functions. It is possible that sequential HIV-1 immunogens could be designed to engage this low-affinity pool of B cells for greater HIV specificity and functional activity.
Stieh et al. (16) reported that Env-specific MAbs could cross-link HIV-1 virions into aggregates. The ability to form aggregated MAb-virion complexes was mediated by dimeric IgAs but not by monomeric IgA or IgG. In our study, we did not determine whether polymeric HG129 antibody could induce aggregate complexes of virions. However, our findings that polymeric IgA can block Env-Galcer interactions suggest an antiviral function of polymeric IgAs that can be harnessed by vaccination. Further studies are needed to identify if virion aggregation is a mechanism by which polymeric IgAs achieve enhanced antiviral functions.
A number of studies in humans and nonhuman primates support the potential key role for HIV-1 nonneutralizing antibodies in protection from HIV-1 acquisition (4, 6, (45) (46) (47) (48) (49) (50) (51) (52) (53) . Although the underlying mechanisms of protection by nonneutralizing antibodies are not fully understood, antibody engagement of monocytes/macrophages, a component of the innate immune response, may play an important role in preventing HIV-1 acquisition at the mucosal site. HG129 and HG130 IgAs were both able to mediate phagocytosis of HIV-1 targets, demonstrating proof of concept that vaccine-elicited IgA is capable of engaging human immune effector cells for antiviral function. Notably, HG129 IgA was capable of mediating phagocytosis of HIV-1 CM235 virions, indicating that its cognate epitope is present on the HIV-1 virion surface. Thus, vaccine-elicited IgA is capable of engaging virions for antiviral activity and may be relevant for vaccinemediated protection. An HIV-1 vaccine that elicits HIV-1-specific multimeric IgA antibodies at mucosal surfaces may be able to limit viral transport across the epithelial barrier and the subsequent establishment of an infectious reservoir.
Both HG129 and HG130 IgA antibodies are nonneutralizing. Notably, although the HG130 MAb specificity includes conformational epitopes near the CD4bs, the contact sites are different from those for broadly neutralizing VRC01-like antibodies, since the D368 mutation did not fully abrogate binding and HG130 was nonneutralizing. The question remains of whether nonneutralizing IgA antibodies can protect from infection. Astronomo et al. (54) demonstrated that MAbs with known Fc effector activities but lacking potent neutralizing function were not protective when tested alone or in synergy with other antibodies. The panel of antibodies tested included these antibodies, and there was no protection against viral challenge in the ex vivo explant assay. Other nonneutralizing C1-C2 gp120-specific antibodies tested (CH54, CH57, CH90, and V1V2 CH58 IgG) also did not block virus infection in the ex vivo explant model, nor were they protective in the high-dose mucosal SHIV challenge. As the authors suggest, a limitation of the explant model is the relative frequency and distribution of monocytes, macrophages, and NK cells in vaginal tissue, which may limit timely recruitment to efficiently engage with non-broadly neutralizing antibodies to prevent initial CD4 engagement. It is possible that a low-dose intrarectal challenge could potentially tease out any in vivo protective activity of HG129 and HG130 or other nonneutralizing antibodies individually or in combination. Indeed, a recent study indicates that nonbroadly neutralizing antibodies can be protective in vivo through antibody Fc interactions with FcR (55) .
In summary, we have identified vaccine-elicited IgA antibodies that bind HIV-1 Env glycoproteins, block the Env gp140 glycoprotein binding to Galcer, an alternative HIV-1 receptor, and induce monocyte-mediated phagocytosis. These nonneutralizing HIV-1 IgA antibodies could be a potential candidate for blocking the binding of virus-infected cells to epithelial cells or HIV-1 transcytosis in vivo. Further studies, such as testing the Galcer-blocking antibody effects on inhibition of epithelial cell binding of HIV-1 virions and on cell-to-cell transmission of HIV-1 would help determine whether vaccine-elicited IgA plays a critical role in prevention of HIV transmission. Additional studies are needed to probe the specific binding region of HG129 and HG130 by generating Fabs to crystallize the MAbs in complex with gp120 core or native SOSIP trimer to evaluate the structure for phagocytosis activity and blocking Galcer. Furthermore, these antibodies could be potential candidates for passive protection trials for simian-human immunodeficiency virus (SHIV) challenge in nonhuman primates to evaluate the potential protection by HIV-specific IgA. Thus, if antibodies such as HG129 and HG130 are proven to limit transmission in passive protection trials, then design of vaccine strategies to minimize plasma Env IgA and induce mucosal Env IgA responses would be desirable. (Table 2) .
MATERIALS AND METHODS

IgA
Variable V H and V L chain analysis. RNA was isolated from the human memory B cells expressing either HG129 IgA or HG130 IgA with the RNeasy minikit (Qiagen, Valencia, CA, USA) and converted to cDNA using a high-capacity cDNA reverse transcription kit (Life Technologies, Grand Island, NY, USA). Productively rearranged Ig heavy-and light-chain variable-region genes were amplified by PCR with published panels of 5= primers for human VH (VH1-Ext-VH6-Ext), Vlambda (Vlambda1-Ext-Vlambda10-Ext), and Vkappa subgroups (56) and a 3= primer for the VH IgA, lambda constant, and kappa constant regions. PCR products were purified using the QIAquick PCR purification kit (Qiagen) and sequences determined by the Duke University DNA Analysis facility. Sequences were analyzed using the Somatic Diversification Analysis (SoDA) software (57) .
FPLC analysis. HG129 and HG130 IgA purified with the CaptureSelect IgA affinity matrix were analyzed and fractionated by size exclusion chromatography (SEC) on a Superdex 200 column (GE Healthcare).
SDS-PAGE and Western blotting. The IgA antibodies were fractionated on 4 to 12% Bis-Tris SDS-polyacrylamide gels (Invitrogen, Carlsbad, CA) under reducing (4% ␤-mercaptoethanol; Fisher Scientific, Fair Lawn, NJ) or nonreducing conditions, stained with Coomassie blue dye, or transferred onto nitrocellulose filters and probed with anti-J-chain MAb Jhis6 at 2 g/ml and goat anti-human IgA conjugated with alkaline phosphatase (1:3,000 dilution; Sigma-Aldrich, Inc., St. Louis, MO) as the secondary antibody for detection.
BLI Assay. Biolayer interferometry (BLI) measurements were performed with a ForteBio OctetRed 384 instrument and streptavidin sensors at 25°C, and data analyses were performed with ForteBio Data Analysis 9 software. Some experiments were performed with ForteBio OctetRed 96 instrument, and the corresponding data were analyzed using ForteBio Data Analysis 7. The HIV-1 Env 1086.C gp140 binding to HG129 was carried out by immobilizing HG129 IgA antibody onto biotin-peptide M-coated streptavidin sensors and dipping into wells containing 1086.C gp140 at different concentrations (95.2, 47.6, 23.8, 11.9, and 5.95 nM). CH65 IgA immobilized sensors were used in parallel to subtract nonspecific interactions of the Env with the sensors. The specific binding curves were globally fitted to 1:1 Langmuir model to determine the on and off rates (k on and k off , respectively) and the K D value. For HG129 IgA-V3 peptide interaction, the V3 peptide 107 (subtype C; IRQAHCNISKEKWNK)-coated sensors were prepared by dipping streptavidin sensors into wells containing V3 peptide sequences with a biotin tag (at 5 g/ml) for 500 s. The peptide-loaded sensors were washed in phosphate-buffered saline (PBS) (pH 7.4) for 60 s before obtaining a baseline value. The binding association of HG129 was obtained by then dipping the sensor into wells with MAb concentrations ranging from 0.5 g/ml to 10 g/ml. The negative-control gp41 peptide LICT (biotin-GGGWGCSGKLICTT) sensors were used in parallel to subtract binding resulting from nonspecific interactions with the sensors. The apparent K D was determined using data at the end of the association phase from each available analyte concentration by steady-state analysis.
Peptide microarray. HIV-1 envelope epitope mapping was evaluated by peptide microarray analysis as previously described (58, 59) , with modifications. Briefly, the peptide arrays contain libraries of 15-mer peptides, overlapping by 12 amino acids, spanning the whole HIV-1 gp120 Env of subtype A, B, C, and D and circulating recombinant form (CRF) AE and AG consensus sequences, as well as the group M consensus sequence, captured on customized microarrays. Three identical subarrays, each containing the full peptide library, were printed on each slide. Array slides were blocked for 1 h to reduce nonspecific binding, followed by a 2-hour incubation with 20 g/ml IgA MAb for testing or 10 g/ml of 7B2_IgA2 Dim (Catalent; included as positive control). The slides were subsequently incubated for 45 min with goat anti-human serum IgA (␣-chain specific; Jackson ImmunoResearch) that was conjugated with DyLight 649 using a microscale antibody labeling kit (Thermo Scientific) per the manufacturer's instructions. Array slides were scanned at a wavelength of 635 nm with a GenePix 4300 scanner. Images were analyzed using GenePix software to obtain binding intensity values (median intensity of triplicates spots for each peptide).
HIV-1 binding antibody multiplex assay. MAb specificity for HIV-1 proteins was evaluated on a panel of HIV-1 gp120/gp140 Env glycoproteins, the linear C1 region, and the third variable-loop (V3) peptide epitopes, and V1-V2 scaffolds were measured by a custom binding antibody multiplex assay, as previously described (6, 60, 61 (67) . Blank beads and HIV-1-negative sera were used as negative controls. HIV-1-specific antibody isotypes were detected with mouse anti-human IgA (BD Pharmingen) at 4 g/ml, followed by washing and incubation with streptavidinphycoerythrin (PE) (BD Pharmingen). Antibody measurements were acquired on a Bio-Plex instrument (Bio-Rad) with 21CFR Part 11 compliant software, and the readout was expressed as mean fluorescence intensity (MFI). Each test MAb was assayed at a starting concentration of 100 g/ml and titrated by 2-fold dilutions. Results were reported as area under the curve (AUC) binding titers.
Binding of MAbs to the surfaces of HIV-1-infected cells. Indirect immunofluorescence staining with fluorescein isothiocyanate (FITC)-conjugated subclass-specific secondary antibodies (Sera Care/KPL, Milford, MA) was used to measure the ability of MAbs (10 g/ml) to bind the surfaces of CEM.NKR CCR5 cells (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH; from Alexandra Trkola) (68), which were mock infected or infected with an infectious molecular clone virus (69) representing the 1086.C HIV-1 isolate and CM235 as previously described (8) (9) (10) . Final data are reported as the mean and standard deviation of the percentage of cells positive for MAb binding within the live lymphocyte gate for mock-infected cells and the live, p24 ϩ lymphocyte gate for HIV-infected cells as determined using FlowJo version 9.9.4 software (FlowJo LLC, Ashland, OR). Cells stained with FITC-conjugated secondary antibodies and no primary antibodies were used to establish the positive gates for MAb binding.
Neutralization assay. Neutralizing activity was measured in a TZM-bl pseudotyped virus assay as previously described (32, 33) . TZM-bl cells were obtained from the NIH AIDS Research and Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu.
Galcer blocking assay. Galcer-liposome binding of HIV-1 gp140 glycoproteins was assayed by using the biolayer interferometry technique and a ForteBio OctetRed 96 instrument with aminopropylsilane biosensors as described previously (18) . For the Galcer blocking assay, Galcer-liposome binding of HIV-1 Env 1086.C gp140 at 50 g/ml was monitored for 30 min, and the dissociation phase was monitored for 1 h. In parallel, Galcer-liposome binding of 1086.C gp140 (50 g/ml) incubated with a 3 molar excess of HG129 or HG130 IgA was monitored. The Galcer-liposome binding responses (after subtracting the signal found with blank sensors) at the end of a 1-h dissociation phase were averaged (over a 20-s window). The percent Galcer binding was calculated as (B/A) ϫ 100%, where A is the Galcer binding response of 1086.C gp140 and B is the Galcer binding response of 1086.C gp140 in the presence of a 3 M excess of the antibody of interest.
Phagocytosis assay. Antibody-mediated phagocytosis was assayed as previously described (17) . Phagocytosis potency was tested against infectious fluorescent HIV-1 CM235 virions (70, 71) and against ConSgp140 Env-conjugated NeutrAvidin fluorescent 1-m beads (Thermo Fisher). Blood-derived monocytes were used as phagocytes. The monocytes were isolated from peripheral blood mononuclear cells (PBMCs) of HIV-1-negative healthy donors via elutriation. PBMCs from HIV-1-negative individuals were collected with IRB approval by the Duke Medicine Institutional Review Board for Clinical Investigations. All subjects were asked for consent following 45 CFR 46, and written informed consent was obtained from all participants. Positive controls included the CD4 binding site broadly neutralizing antibody CH31 (72) in monomeric IgA2 (mIgA2) (73), IgG1, and IgG3 backbones, while negative controls included the anti-influenza virus HA antibody CH65 (30) in mIgA2 and IgG1 backbones as well as the anti-respiratory syncytial virus antibody Palivizumab IgG1.
HLA typing. Genotyping of HLA was performed by next-generation sequencing of full-length genes on the MiSeq Illumina platform as described previously (74) . Accession number(s). Nucleotide sequences for the HG129 and HG130 MAbs are deposited in GenBank with accession numbers MF939400 (V H ) and MF939401 (V L ) for MAb HG129 and MF939402 (V H ) and MF939403 (V L ) for MAb HG130.
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